Abstract Although the role of single gene and chromosomal disorders in pediatric illness has been recognized since the 1970s, there are few data describing the impact of these often severe disorders on the health of the adult population. In this study, we present population data describing the impact of single gene and chromosomal disorders on hospital admissions of patients aged 20 years and over in Western Australia between 2000 and 2006. The number, length, and cost of admissions were investigated and compared between disease categories and age groups and to hospital admissions for any reason. In total, 73,211 admissions and 8,032 patients were included in the study. The most costly disorders were cystic kidney disease, α-1 anti-trypsin deficiency, hemochromatosis, von Willebrand disease, and cystic fibrosis. Overall, patients with single gene and chromosomal disorders represented 0.5% of the patient population and were responsible for 1.9% of admissions and 1.5% of hospital costs. These data will enable informed provision of health care services for adults with single gene and chromosomal disorders in Australia.
Introduction
Previous studies investigating the impact of genetic disease on hospital admissions have reported that 5-12% of all admissions in children were due to single gene or chromosomal disorders, and that patients with these conditions had more admissions, longer hospital stays, and increased morbidity and mortality than other patients (Day and Holmes 1973; FitzPatrick et al. 1991; Hall et al. 1978; Kumar et al. 2001; McCandless et al. 2004; Meguid et al. 2003; Scriver et al. 1973; Stanley et al. 2009; Yoon et al. 1997) . Given that estimates of the population prevalence of single gene and chromosomal disorders range from 0.4% to 2.0% (Baird et al. 1988; Rimoin and Conner 2002; Trimble and Doughty 1974) , it is clear that children with Electronic supplementary material The online version of this article (doi:10.1007/s12687-011-0043-3) contains supplementary material, which is available to authorized users. single gene and chromosomal disorders account for a disproportionately large number of hospital admissions.
Intuitively, it might be expected that single gene and chromosomal disorders will account for a smaller proportion of hospitalizations in the adult population, as some affected individuals might not survive childhood, and the prevalence of multifactorial, chronic disease increases in the general population with age. However, few studies have investigated the impact of single gene and chromosomal disease in adults. Day and Holmes (1973) found that 1.5% of adult hospital admissions were for people with a single gene or chromosomal disorder. However, their sample size was small (200 inpatient and 200 outpatient admissions) and represented admissions during 20 days in 1970. Giampietro et al. (2006) investigated acute health events identified in emergency department, urgent care and primary care settings of 527 adult patients with single gene, chromosomal and syndromic conditions in 2003. This study found that 1.2% of the total adult patients in the catchment area had a single gene or chromosomal disorder, and these patients accounted for 1.8% of the total outpatient visits during the study period (Giampietro et al. 2006) . Chromosomal disorders (e.g. Down syndrome), hematological conditions, connective tissue disorders, and muscular dystrophies contributed the highest proportions of acute health events.
The current study assessed hospital admissions of adult patients with single gene and chromosomal disorders between 2000 and 2006 using the hospital morbidity population database available in Western Australia (WA). WA is a state of Australia with a population of 2.28 million, accounting for approximately 10% of the national total (Australian Bureau of Statistics 2010). In 2008, approximately 74% of the population resided in the metropolitan area, 20% in regional areas, and 6% in remote locations (Australian Bureau of Statistics 2008), and in 2006, more than 95% of Western Australians identified themselves as being of Australian, British, Irish, or European heritage.
WA has a land area of 2.5 million square kilometers and Perth, the capital city, is 3,500 km away from the large population bases of Melbourne and Sydney in eastern Australia. Thus, it is likely that the vast majority of hospital admissions of WA patients occurs in WA hospitals and would be captured by the WA Hospital Morbidity Data System. This database is part of the WA Data Linkage System (Holman et al. 2008) and contains information about all inpatient admissions to public and private hospitals in WA since 1970.
This study focuses on single gene and chromosomal disorders, rather than a broader definition of genetic diseases, which could include multifactorial disorders and those with a known genetic pre-disposition. This is because the distinction between genetic and non-genetic conditions has become increasingly difficult to define, with evidence that even infectious disease has a genetic component (Casanova and Abel 2007; Davila and Hibberd 2009) . Single gene and chromosomal disorders are easier to diagnose and define, and the fraction of their hospital needs related specifically to their disorder is likely to be high. We investigated the number and cost of all adult hospital admissions due to single gene and chromosomal disorders, age-related trends in admissions, the specific disorders associated with the highest costs, and the most common procedures associated with these admissions.
Our data represents over 8,000 patients and 73,000 admissions, and to our knowledge, is the largest study investigating the health of adults with single gene and chromosomal disorders published to date. The aim of this study was to increase awareness among patients, families, and clinicians about the health care needs of adults with these disorders and inform planning and provision of health care services.
Methods
The International Statistical Classification of Diseases, Tenth Revision, Australian Modification (ICD-10-AM; ICD-10) (2004) was used to identify 296 diagnosis codes specific to single gene and chromosomal disorders (Online Resource 1). These diagnosis codes refer to groups of disorders and include several thousand different single gene and chromosomal disorders, many of which are rare. Although the ICD-10-AM contains some Australian-specific disease codes and Australian extensions, the majority of ICD-10-AM diagnosis codes used in this study were identical to ICD-10 codes. The exceptions were some of the multi-system syndromes, and in these cases, the ICD-10-AM code was mapped to the code immediately above it in the hierarchy of both classifications. As data in this study were analyzed using higher-level classifications, it can be compared to other studies using both the ICD-10 and ICD-10-AM.
The WA Hospital Morbidity Data system (Holman et al. 2008 ) was searched electronically for any individual 20 years of age or older who had at least one of the selected ICD-10-AM codes recorded in the diagnosis fields between 2000 and 2006. The data extracted for each patient were de-identified and included the number of same-day versus overnight admissions; the mean length of stay (LOS) of overnight admissions; the cost of all admissions and the ICD-10-AM procedural codes associated with each admission. Same-day admissions are defined as admissions where a patient is in hospital for less than 1 day (that is, does not stay overnight). Costs in Australian dollars (AUD) were calculated by applying year-specific average cost weights to the Australian Refined Diagnosis-Related Group (AR-DRG) of each admission (Australian Government Department of Health and Aging 2000-2006) . Each hospital admission is assigned a diagnosis related group (DRG) and each DRG represents a group of patients with similar clinical characteristics requiring comparable hospital services. Year-specific cost weights were applied to DRGs via the National Hospital Data Collection, which contains hospital costs for a given financial year. Costs were adjusted to a reference year of 2007-2008 using total health price index deflators (Australian Institute of Heatlh and Welfare 2009) and converted to US dollars using the average exchange rate for the 2007-2008 financial year (http://www.oanda.com).
Data were also extracted from the WA Morbidity Data System for all patients 20 years or older in WA who were admitted to hospital between 2000 and 2006. Statistics extracted included the total number of patients, total admissions, mean LOS, and costs, which were calculated as for the cases.
The data were examined both by type of disorder and by age group. One-year data sets were used to investigate admissions by age group to limit each individual to a single category. The one-year datasets were then compared to all admissions in WA in that year. Five-year age groups were used from 20-84 years, with adults over 85 years in a single category. The five-year age groupings are commonly used in health and hospital statistics and allowed comparison of our data to publicly available health data. In most cases, these categories were collapsed down to 20-39, 40-59, 60-79, and 2000 and 2006, 8,032 patients aged 20 years and over with a single gene or chromosomal disorder were admitted to hospital in WA and accounted for 73,211 admissions. This represented 0.6% of the total number of patients and 1.9% of all admissions in WA during that period. The mean number of admissions per patient was 9.1, and the mean length of stay (LOS) for overnight admissions was 12.6 days ( Table 1) . Neuromuscular disorders were associated with the longest hospital stays (mean LOS 22.1 days), followed by eye, endocrine, and metabolic disorders. Overall, 73% of genetic admissions were same-day separations, although this proportion decreased to 58% if urinary system disorders were excluded (44% of total admissions were due to disorders of the urinary system, and 93% of these were same-day admissions). The most costly groups of single gene and chromosomal disorders were metabolic, blood, urinary, neuromuscular, and multisystem syndromes, which together accounted for 89% of patients, 94% of admissions, and 91% of costs due to genetic disorders. The total cost associated with hospital admissions of adults with single gene and chromosomal disorders in WA 2000-2006 was 214,219,273 USD, which was 1.5% of total hospital expenditure (13, 837, 351, 138 USD) . The mean cost per genetic admission was 2,926 USD (range, 1,101 to 11,977 USD), which rose to 4,346 USD if diseases of the urinary system were excluded.
Results

Between
Patients with single gene or chromosomal disorders were also analyzed by age group, and the data compared to all patients admitted to hospital in WA in 2000 and 2006 . Similar data were obtained for both years and 2006 was selected as representative. In 2006, patients with genetic diseases accounted for 0.6% of patients, 1.9% of admissions, and 1.7% of total costs (Tables 2 and 3 ; Online Resources 2, 3, and 4). The proportion of patients classified as having a genetic disorder was stable during adulthood, but the proportion of admissions and costs due to genetic disorders varied ( Fig. 1 , Online Resource 4). The proportion of admissions due to genetic diseases was relatively high in patients aged 20-24, decreased in adults aged 25-44, and increased again in patients aged approximately 45 years and older. The proportion of costs due to genetic disorders followed a similar trend to admissions but decreased in adults aged 60 years or more.
The cost per admission of patients with single gene and chromosomal disorders versus all patients was similar overall, with a mean of 3,090 USD for genetic admissions and 3,568 USD for all admissions in 2006 (Tables 2 and 3 , Fig. 2 , Online Resources 2 and 3). Same-day admissions accounted for a higher proportion of admissions in patients with single gene and chromosomal disorders compared to all patients. However, the mean length of stay for overnight admissions and the mean number of admissions was higher for patients with single gene and chromosomal disorders compared to all patients, and the cost per genetic patient was at least double that of all patients across all age groups from 20-80 years. The cost per patient with a single gene or chromosomal disorder showed an overall increase with age, with peaks at 50-54 and 75-79 years, while the cost per patient of all patients rose linearly from about 50 years ( Fig. 2 , Online Resources 2 and 3).
Next, we examined which specific genetic disorders affected the most patients and were the largest contributors to hospital admissions and costs in WA between 2000 and 2006 (Table 4 ). The most costly genetic disorder in the adult population was cystic kidney disease (CKD) (Q61), which accounted for all hospital admissions due to genetic diseases of the urinary system. CKD accounted for 44% of admissions and 16.5% of the total costs due to genetic disease. The cost per admission of patients with CKD was low compared to other disorders, but the cost per patient was high due the large number of same-day admissions per patient. The overall cost associated with CKD was relatively low in adults aged less than 35 years but increased tenfold to peak in patients aged 50-60 years before declining again (Fig. 3a) . When procedural codes for CKD admissions were examined, it was found that 89.5% of admissions were for hemodialysis, and a small number of admissions were associated with renal transplantation, and education and training about home dialysis.
Of the ten most expensive disorders, three were endocrine or metabolic disorders and accounted for 9.5%, 8%, and 5.5% of the costs associated with single gene and chromosomal disorders, respectively: α-1 anti-trypsin (AAT) deficiency (E880), disorders of iron metabolism (e.g., hemochromatosis) (E831), and cystic fibrosis (CF) (E84) ( Table 4 ). The cost trends of these three disorders differed significantly. Costs For data regarding all patients, refer to Table 3 LOS length of stay of overnight patients only a Proportion of admissions due to same-day and overnight admission in each age group is shown in brackets b Cost in US dollars [2007] [2008] due to α-1 anti-trypsin deficiency were low in adults less than 40 years and increased steadily to peak in adults aged 75-79 years, whereas in CF, adults aged 20-39 years incurred 80% of the costs (Fig. 3a) . The costs associated with hemochromatosis showed a similar trend to CKD and peaked in adults in the 50-69-year age group (Fig. 3a) . The most common procedural codes associated with admissions due to AAT deficiency were hemodialysis (16% of admissions) and physiotherapy (5%), while 16% of admissions were not associated with a coded procedure. Hospital admissions due to disorders of iron metabolism were associated with procedures such as therapeutic venesection (51% of admissions), hemodialysis (8%), and transfusion of packed cells (11%); while admissions coded as CF involved central vein catheterization (28%), hemodialysis (24%), and physiotherapy (7%).
Diseases of blood and blood-forming organs accounted for four of the ten most costly disorders, with von Willebrand disease (vWD) (D680), hereditary deficiency of other clotting factors (excluding factors VIII, IX, and XI) (D682), thalassemia (D56), and hereditary hemolytic anemias (excluding thalassemia, sickle cell disorders, and hereditary spherocytosis) (D58) accounting for 6.2%, 4.1%, 3.8%, and 2.1% of the total costs of single gene and chromosomal disorders, respectively (Table 4 ). The costs associated with vWD were relatively constant throughout early and middle adulthood, before declining in adults >55 years of age (Fig. 3b) . The costs associated with thalassemia were highest in young adults (< 40 years), while disorders of other clotting factors were relatively consistent throughout adulthood. Hemolytic anemias were associated with relatively low costs overall which increased with increasing age (Fig. 3b) . The main procedural codes associated with thalassemia were transfusion of packed cells (42%) and hemodialysis (19%). The transfusion of packed cells was also the most common procedure for admissions coded as hereditary hemolytic anemias (D58) (22% of admissions), whereas the hereditary deficiency of other clotting factors (D682) was associated with hemodialysis in patients over 60 years (28% of total admissions). Procedural codes associated with admissions of patients with vWD did not show any major trends, with 15% not associated with any code, 10% with intravenous administration or injection of an unspecified therapeutic agent, and 5.7% with hemodialysis. Hereditary ataxia (G11) and Down syndrome (Q90) were the 8th and 9th most costly genetic disorders. Costs associated with Down syndrome peaked sharply in patients approximately 40 years of age and declined to virtually nothing in patients aged 65 years and over. The costs of patients with hereditary ataxia increased relatively steadily throughout adulthood until 65 years and then declined (Fig. 3c) . Over half of DS admissions involved hemodialysis (54%), with further investigation revealing the vast majority of these admissions were due to one or two patients, while 13% were not associated with a procedure code. The most common procedures associated with hereditary ataxia admissions included physiotherapy (15%) and occupational therapy (7.5%), while 22.5% of admissions were not associated with a code.
A number of other groups of disorders were also associated with significant patient numbers, admissions and costs, although individually, specific disorders within these groups were not in the most expensive diseases described above. These groups of disorders included G71 (primary disorders of muscle, including a range childhood and adult-onset muscular dystrophies, myotonic dystrophy, and mitochondrial myopathies); Q87 (congenital malformations affecting multiple systems, including Marfan's, Goldenhar, Noonan, PraderWilli and Alport syndromes); Q85 (phakomatoses, including neurofibromatosis, tuberous sclerosis and von HippelLindau syndrome); E74 (disorders of carbohydrate metabolism including glycogen storage diseases); and E75 (disorders of sphingolipid metabolism and other lipid storage disorders including Tay Sachs, Fabry, and Gaucher's disease).
Discussion
Overall, 0.6% of adult patients admitted to hospital in WA for the period 2000-2006 had a single gene or chromosomal disorder, and these patients accounted for 1.9% of admissions and 1.5% of hospital costs. These data are similar to that reported by Day and Holmes (1973) who found that 1.5% of adult admissions were for patients with genetic disease, and Giampietro et al. (2006) who reported that 1.2% of patients had a single gene or chromosomal disorder and accounted for 1.8% of admissions. Thus, the proportion of adult hospital admissions due to single gene and chromosomal disorders appears to be consistent across different populations, over time, and in different clinical settings; as Day and Holmes (1973) reported on inpatient and outpatient data from Massachusetts during 1970, and Giampietro et al. (2006) collected data from acute health care settings in Wisconsin in 2003. In addition, these data are consistent with a population prevalence of single gene and chromosomal disorders of 0.5-1.0%, as has been reported for Caucasian populations (Baird et al. 1988; Carter, 1977; Trimble and Doughty 1974) .
Our data and those of Giampietro et al. (2006) also identified a number of the same diseases as being significant contributors to hospital admissions. For example, some of the most common disorders in the Marshfield study were hematological diseases (e.g., von Willebrand disease, Factor V Leiden), which accounted for nearly 22% of patients; chromosomal syndromes (e.g., Down syndrome and sex chromosome abnormalities) (11% of patients); and renal disorders (predominantly CKD) (7% of patients). This is consistent with our data, which identified cystic kidney disease, Down syndrome, and von Willebrand disease as among our most expensive disorders (Table 4 ). Other disorders identified by both this study and Giampietro et al (2006) as affecting significant numbers of patients included muscular and metabolic disorders (Tables 1 and 5 ). However, there were also some clear differences, with 12% of patients in the Marshfield population admitted for disorders of the eye, compared to 3% in our population. This can be explained primarily by the exclusion of Duane syndrome from our sample, as other disorders identified by Giampietro et al. (2006) such as macular dystrophy and pigmentary retinopathies were also represented in our data. Connective tissue disorders also accounted for a larger proportion of patients in the Marshfield population (5.7%) than in this study, although Marfan syndrome was relatively common in both populations, accounting for approximately half of the admissions in the ICD-10 code Q87 in our sample (Table 5 ). In addition, some disorders that were quite common in our study, such as α-1 anti-trypsin deficiency and hereditary ataxia, did not affect many patients in the Marshfield population.
The differences between our data and those of Giampietro et al. (2006) are probably due to the different nature of the admissions and to differences in coding. The Marshfield study examined only acute health events (3.4% of the total health events in patients with single gene and chromosomal disorders), whereas our data covers all hospital admissions. In addition, Giampietro et al. (2006) used ICD-9 coding as opposed to ICD-10. Although the two ICD coding systems match well for some disorders, for others, the categories are very different. Moreover, we grouped most of our disorders using ICD-10 categories, whereas Giampietro et al. (2006) used slightly different disease-system classifications. For example ICD-10 coding classifies CF as a metabolic disease, whereas Giampietro et al. (2006) classified it as a pulmonary disorder.
The proportion of adult patients, admissions, and hospital costs due to single gene and chromosomal disorders reported here and by Day and Holmes (1973) and Giampietro et al. (2006) are lower than those reported for pediatric populations (Day and Holmes 1973; FitzPatrick et al. 1991; Hall et al. 1978; Kumar et al. 2001; McCandless et al. 2004; Meguid et al. 2003; Scriver et al. 1973; Stanley et al. 2009; Yoon et al. 1997; Dye et al. 2010) . This difference appears to be due to increasing numbers of "non-genetic" patients rather than decreasing numbers of patients with single gene and chromosomal disorders. For example, we previously reported that in 2006, 133 of a total of 8,646 patients (1.5%) aged 10-14 years were affected by single gene or chromosomal disorders (Dye et al. 2010 ), compared to 152 of 26,493 patients (0.6%) aged 30-34 years reported in this study (Online Resources 2 and 3). Thus, although the number of patients with single gene and chromosomal disorders admitted to hospital appears to be remain relatively consistent with increasing age, patients with these disorders make up a smaller proportion of the total patient population in adulthood compared to childhood. A likely explanation for this is the age-related increase in the population prevalence of a range of disorders, such as cancer, diabetes, cardiovascular disease, and arthritis for which people in the general population may require hospitalization.
Although patients with single gene and chromosomal disorders accounted for a similar proportion of total adult patients across most age groups (Fig. 1, Online Resource 4) , the proportion of total admissions and costs due to these patients varied. Patients with single gene and chromosomal disorders had the greatest impact on costs in the 20-24 and 40-60 years age brackets, while admissions were highest in the 45-60-year-olds. The higher costs in young adults aged 20-24 may be explained by the high costs of CF in this age bracket (Figs. 1 and 3a) , while the peak in admissions and costs in middle adulthood appears to reflect the increasing demand placed on hospital services by CKD and to some extent disorders of iron metabolism (Figs. 1 and 3a) . In older adults (>70 years) both CKD and α-1 anti-trypsin deficiency appeared to have a significant impact on hospital admissions and costs (Figs. 1 and 3a) .
Consistent with the data reported on hospital admissions of children with single gene and chromosomal disorders (Day and Holmes 1973; FitzPatrick et al. 1991; Hall et al. 1978; Kumar et al. 2001; McCandless et al. 2004; Meguid et al. 2003; Scriver et al. 1973; Stanley et al. 2009; Yoon et al. 1997; Dye et al. 2010) , adult patients in our study had more admissions and longer hospital stays than all patients. However, despite the greater LOS of overnight genetic admissions, the cost per admission of patients with single gene and chromosomal disorders was less than for all patients (3,090 versus 3,568 USD), which differs from previously reported pediatric data. This can be explained by the high proportion of same-day admissions of genetic patients (73-78%) compared to all patients (57%) (Tables 1, 2, and 3) . This is primarily due to the large number of same-day admissions of patients with CKD to undergo hemodialysis. If CKD patients were excluded from the analysis, the proportion of same-day admissions for genetic disorders decreased to 58%, comparable to all patients, and the cost per genetic admission increased by approximately 1,000 USD. The cost per patient with a single gene or chromosomal disorder was two to three times higher than the cost per any patient across all age groups in 2006 (up to 80 years), largely due to the higher number of admissions. Interestingly, the mean cost of adult and pediatric patients was similar (19,571 USD 2007/8 versus 19,287 USD 2006/7) (Dye et al. 2010) , indicating the mean cost of treating a patient with a single gene or chromosomal disorder is relatively consistent across a range of ages and despite the changing profiles of disease in different age groups.
In addition to describing the total impact of genetic disease on the Western Australian hospital system, we were also interested in which specific single gene and chromosomal diseases had the largest impact on hospital resources, what kinds of procedures were recorded, and whether the data obtained from the WA Hospital Morbidity Database corresponded to what is known about the natural history and care requirements of these disorders. For most disorders, the data we obtained matched the disease progression and therapeutic options described in the literature. For example, we found that there was a high demand placed on hospital services by CKD (Q61) in middle to late adulthood, consistent with the disease phenotype of polycystic kidney disease 1 (PKD1), which accounts for approximately 85% of people with CKD (Barua et al. 2009 ). The median age of onset of end stage renal failure (ESRF) of patients with PKD1 is estimated at 53 years (Barua et al. 2009; Hateboer et al. 1999 ), and we found that 80% of the admissions and costs due to CKD were in adults >50 years and that 90% of admissions for CKD patients were for hemodialysis. Our data also indicate that 58 renal transplants were performed on CKD patients between 2000 and 2006, which is 13% of the total number (416) performed in WA (McDonald et al. 2007) . This is consistent with previously published data which indicated that CKD accounted for 5% of patients newly diagnosed with primary renal disease in WA (McDonald et al. 2007) and Barua et al. (2009) , who reported that CKD accounted for 5% of individuals with ESRF in the USA.
The data we obtained for disorders of iron metabolism (e.g., hemochromatosis) (E831) and CF (E84) also matched the known clinical progression of these disorders. The clinical features of hemochromatosis, a relatively common disorder in Caucasians, are due to the storage of excess iron. Left untreated, the clinical manifestations (e.g., lethargy, hyper-pigmentation, liver, cardiac, and pancreatic abnormalities) become apparent in adults in their 40s and 50s, and the current standard of care is therapeutic venesection (Regan 2009 ). Our data indicate that admissions and costs associated with hemochromatosis were low in patients aged less than 30 and increased relatively rapidly to peak in adults aged 50-60. Moreover, approximately 50% of patient admissions for hemochromatosis involved therapeutic venesection. Improved therapies for CF, a disorder which used to be fatal in childhood, have resulted in increased life expectancy such that the median survival of affected individuals in developed nations is now more than 30 years (Hodson 2000) . In addition, milder forms of CF are now being diagnosed which have a longer life expectancy (Hodson 2000) . Our data indicate that 80% of the hospital costs of CF are due to patients aged less than 39 years, and these costs may reflect the care of severely affected individuals who die in their 30s or 40s. However, some CF-related costs occur through to late adulthood and are probably due to more mildly affected individuals. Approximately 28% of CF admissions involved percutaneous central vein catheterization, consistent with the administration of intravenous antibiotics necessary for many CF patients. However, only 7% of admissions were for physiotherapy, whereas it might have been expected that a higher proportion of CF patients admitted to hospital would receive this treatment.
The cost data and procedural codes associated with thalassemia (D56) and other hereditary hemolytic anemias (D58) were also consistent with the clinical features of the disorder, with the most common procedural code associated with both of these disorders being the transfusion of packed cells (42% and 22% of admissions, respectively). Thalassemia was most costly in younger adults, which may be due to individuals with severe disease (e.g., thalassemia major) dying in early adulthood.
For other disorders, although the general cost and admission data reflected the known progression of the disorder, the procedural codes were less informative. For example, AAT deficiency results in lung damage similar to emphysema with symptoms typically presenting in patients in their 30s or 40s and worsening with age (DeMeo et al. 2009) , which is consistent with our admission and cost data. Recommended treatment includes bronchodilators, inhaled corticosteroids, and in some countries (but not Australia), AAT augmentation therapy (DeMeo et al. 2009 ). However, our procedural data were relatively non-specific, with 16% of admissions not associated with a procedure, 16% with hemodialysis, and 5% with physiotherapy. vWD (D680) and deficiency in other clotting factors (D682) also had relatively non-specific procedural codes, which may reflect that these disorders are generally well-managed and that admissions of these patients are for a wide variety of reasons both related and unrelated to their genetic condition.
Our data are comparable to that reported by Day and Holmes (1973) and Giampietro et al. (2006) , the only two published studies to describe genetic disease and adult hospital admissions. This suggests that the ICD-10 diagnosis codes and methods of data extraction we used were appropriate and captured most patients with single gene or chromosomal disorders. Furthermore, age group analysis of the top 10 most costly genetic disorders largely matched the known clinical progression of each disease, providing further support for the validity of our methodology, despite some limitations as discussed below.
The main advantage of using the WA Data Linkage System in this study is that it allowed us to capture all admissions to every hospital in WA over a 7-year period and reflected the entire population over time, rather than just one or two hospitals. In addition, it was less labor-intensive than direct review. However, there are a number of potential limitations in using a population database to perform this kind of study (Dye et al. 2010; Hall 1997; McCandless et al. 2004; Yoon et al. 1997) . A population-based approach using ICD coding may underestimate the impact of single gene and chromosomal disorders. For example, McCandless et al (2004) found that using ICD codes to extract data from hospital databases identified only 75% of the genetic disorders identified by direct review, presumably due to insufficient coding. The hospitals surveyed by direct review are also usually large referral centers, and clinicians in these hospitals are more likely to have experience in diagnosing rare single gene and chromosomal disorders than those practicing in smaller settings. As approximately one quarter of the WA population lives in rural or remote areas, this may increase the chance that some adults with single gene or chromosomal disorders were not identified in our study, particularly if they were relatively mildly affected.
In addition, the use of ICD10 codes may be limiting when the same code includes both childhood and adult-onset disorders. For example, the ICD10 code G71.0 includes Duchenne and Becker muscular dystrophy, as well as adultonset muscular disorders such as facioscapulohumeral and limb-girdle muscular dystrophy, among others. These disorders have different ages of onset, clinical presentations, and prognosis, yet they cannot be distinguished using data extracted via ICD10 code. Another issue that became apparent during our analysis was that a large number of admissions for one patient in a disease cohort could significantly influence the grouped data. For example, over half of the admissions recorded for DS patients were for hemodialysis. Further investigation revealed that hemodialysis was not in fact common among DS patients and that the vast majority of these admissions were due to two individuals (out of 286). However, the regular admission pattern associated with ESRF is quite unique, and it is likely that the disorder is one of only a few that may distort procedural codes.
Lastly, we are also aware that we have incomplete ascertainment of some procedures relating to specific genetic conditions. For example, although kidney transplants have been performed in WA since the 1980s, the first lung transplant was performed in 2004, and it was 2006 before the first CF patient received a lung transplant in WA. Between 2000 and 2006, 13 patients with CF travelled interstate to receive a lung transplant. Thus, these data are not included in our dataset and lead to an underestimate of the number of admissions and costs associated with CF.
Conclusion
In conclusion, our study provides a comprehensive analysis of the impact of adult patients with single gene or chromosomal disorders on hospital services in Western Australia. Consistent with previous reports, these patients represented 0.5% of the patient population and accounted for 1.9% of admissions and 1.7% of hospital costs. Patients with single gene and chromosomal disorders were responsible for a higher proportion of total admissions and costs in adults aged 20-25 and 40-60 years than in other age groups. The most prevalent genetic disorder was CKD, which accounted for 44% of admissions and 16.5% of the total hospital costs associated with genetic diseases. Other disorders with a significant impact on hospital services included AAT deficiency, hemochromatosis, vWD, and CF. These data will be used to inform policy development and health service planning for adults with genetic disorders and will also be useful in guiding professional development programs for primary care providers regarding adult genetic conditions.
